• LULC and LULC changes are important drivers of water condition.
Introduction
Under the assumption that the relationship between humans and ecosystems relies on a complex, dynamic web of interactions, a change in the human condition might serve to change Science of the Total Environment 470-471 (2014) [1320] [1321] [1322] [1323] [1324] [1325] [1326] [1327] [1328] [1329] [1330] [1331] [1332] [1333] [1334] [1335] ecosystems both directly and indirectly. An understanding of such interactions can be described in terms of "drivers" of ecosystem change. Drivers, or driving forces, are any natural (e.g. rainfall, temperature) or human-induced factors that cause a change in an ecosystem.
Human-induced driving forces, in particular, are human activities and economic sectors responsible for pressures acting on an ecosystem (Elliott, 2002) , whose identification is essential to evaluate the current and the potential impacts of human activity on the status of surface waters (Carey et al., 2011; Lowicki, 2012; Zhou et al., 2012) . Moreover, the identification and understanding of those driving forces are essential to the design of interventions that enhance positive and minimize negative impacts on the ecosystem. The water framework directive (WFD) itself presented a guidance document for the pressure and impact analysis adopting the Driver, Pressure, State, Impact, Response (DPSIR) framework, according to which information on drivers is highly necessary in order to identify pressures and their environmental effect (IMPRESS, 2003) .
Land use and land cover (LULC) are important drivers of change to biogeochemical cycles, biodiversity and water quality. Li et al. (2011) found that changes in global land vegetation affected the silicon (Si) uptake by land biomass, causing changes in Si river inputs.
The impacts of such land use changes on functional guilds of benthic invertebrates were then evaluated through Eco-Exergy . Wang et al. (2013) assessed spatial-temporal water quality variations, identifying LULC sources of water pollution. Measuring LULC and its rates and patterns of change requires a spatial-temporal assessment of LULC data, which is most commonly provided through the analysis of transitional matrices (Lu et al., 2004) . The traditional analysis of transitional matrices provides information on the most prominent landscape changes, but is insufficient for distinguishing between random and systematic transitions (Pontius et al., 2004) . Random transitions are influenced by coincidental or unique processes of change, whereas systematic transitions are those that tend to evolve in a consistent and/or progressive manner due to population growth, industrial or commercial expansion, or changes in land management policies (Braimoh, 2006; Lambin et al., 2003) . The identification of systematic transitions makes it possible to focus on the strongest signals of landscape change and ultimately to link pattern to process (Manandhar et al., 2010; Pontius et al., 2004) . Pontius et al. (2004) proposed a methodology to assess inter-category transitions based on systematic transitions while accounting for land persistence. Among other applications, such methodology has been applied to explore the impacts of land use on regional water balance and revegetation strategies (Versace et al., 2008) ; to assess landscape dynamism to be considered in models of LULC change (Lira et al., 2012) ; to link patterns to processes of LULC changes based on levels of intensity analysis (Huang et al., 2012) ; and to detect the dynamic linkage between landscape characteristics and water quality evaluating the statistical relationship between landscape metrics and physical-chemical parameters (Huang et al., 2013) . It has also been used to provide a set of pressures on biodiversity derived from LULC changes covering a metropolitan area in Chile (Rojas et al., 2013) and for a spatial-temporal land use change analysis in a peri-urban area within the same river basin used as a case study in this paper (Tavares et al., 2012 ). Yet, as far as we know, it has never been used as a tool to explicitly identify and quantify drivers of environmental change linked both to LULC and LULC change with potential effects on the condition of water bodies.
Driving forces linked to LULC are regularly quantified by the surface occupied by a specified class (IMPRESS, 2003) . However, this method might be insufficient since a LULC class with a small area might leave a larger than expected fingerprint on the landscape if we also consider its rate of transition. Moreover, this method provides information on the drivers linked to the sole presence of the specified LULC, but is unable to provide information on the drivers linked to the process of land transition. Our major goal is therefore to characterize driving forces linked both to LULC and LULC change, with potential impacts on the condition of water bodies. Ultimately, our study intends to contribute to the assessment of land use and land use change in the scope of the WFD, providing instruments to improve the analysis of pressures and impacts (IMPRESS, 2003) .
In this study, LULC is characterized and quantified by exploring traditional cross-tabulation matrices over a sixteen-year period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , in three nested regions in the Mondego river basin, Portugal. From these results, the role of each LULC class as a driving force of environmental change with impact on the state of water bodies is discussed. Our study then follows the methodology proposed by Pontius et al. (2004) and further extended by Braimoh (2006) as a mean to detect systematic transitions and dominant signals of landscape change, providing the basis for the identification of dominant driving forces from processes of LULC change.
Materials and methods

Study site
The Mondego river basin is located in the central region of Portugal, Europe (Fig. 1) . With an area of 6658 km 2 and a NE-SW orientation, it encompasses 36 municipalities with an estimated population of 165 inhabitants per km 2 (INE, 2011) . Coimbra and Figueira da Foz are two of the most populated municipalities and, because they have grown along the river margins, they play an important role within the Mondego river dynamics.
Study regions
A first analysis of the study area indicated that a reduced number of LULC classes together occupy more than 88% of the total river basin area. To overcome the dominance of these LULC classes, as well as clumpiness, which could mask relevant driving forces acting in the lower part of the Mondego river basin, analysis was performed for three nested regions within the Mondego river basin: the river basin itself, the Mondego lower valley and the Mondego estuary region (Fig. 1) . Identical regions have been previously employed for studies under this same system (Pinto et al., 2010) . The Mondego lower valley comprises the subwatersheds draining into the Mondego river and its tributaries, downstream from the city of Coimbra. This region is integrated in the Lower Mondego NUTSIII subregion (EUROSTAT). The Mondego estuary region comprises the subwatersheds draining into the Mondego estuary, plus adjacent subwatersheds draining into the Mondego estuary tributaries. Subwatersheds were defined using the watershed delineation plugin (Moya, 2011 ) available on MapWindow GIS (version 4.8.6) and were based on SRTM 90 m digital elevation data (version 4.1.) derived from USGS/NASA SRTM data (Jarvis et al., 2008) . The Mondego river basin limits available from the Portuguese Environment Agency (APA) were used as a focusing mask and a threshold of 25 km 2 was used for network delineation.
The resulting stream net coincides with the hydrographic network available also from APA, except for floodplains in the lower part of the Mondego river. The current hydrographic network is not consistent with the expected bounded hydrologic systems, because the Mondego river has undergone several regularization works since the sixteenth century, which have modified its lower part (PBH do Rio Mondego, 1998).
LULC reclassification
To quantify LULC driving forces we defined six LULC classes based on water retention capacity and potential pressures on water bodies, plus two more classes characterizing the water environment (water bodies and wetlands). Of the six LULC classes, two characterize artificial surfaces (urban areas and industrial land), three characterize agricultural areas (rainfed and permanent crops; permanently irrigated land and rice fields; heterogeneous agricultural areas) and the last one characterizes forests (see Table A .1 for a more detailed description of each class). Hereafter these classes are referred to as urban, industrial land, rainfed, rice fields, heterogeneous, forest, wetlands and water bodies.
The analysis was based on CORINE Land Cover raster data, resolution 100 × 100m, for the 1990, 2000 and 2006 inventories. CORINE was selected for the analysis because it is a ready-to-use dataset, allowing for replications and comparison to other European sites. The latest versions available, from May 2012, were used (EEA, 2012) . The 44 classes of CORINE were reclassified using Quantum GIS 1.8.0 'Lisboa' (OSGeo4W).
LULC characterization
LULC was characterized by calculating the proportion of total landscape occupied by each class in 1990, 2000 and 2006 , in the three nested regions. In order to obtain this information, transition matrices were built. Transition matrices are tables displaying classes of time period 1 in rows and classes of time period 2 in columns. The Total column shows the proportion of a class in time period 1, while the Total row shows the proportion of a class in time period 2. Entries on the diagonal of the matrix indicate the proportion of landscape that remained unchanged during the time period analyzed, whereas the remaining cells indicate the proportion of landscape surface of a given LULC class that changed to a different class. This means that off-diagonal entries indicate a transition from a given class in time period 1 to a different class in time period 2.
For a better characterization of landscape changes, the annual rate of landscape change, the net change and swap were also calculated. The annual rate of landscape change measures the amount of LULC change per year, for each time interval. It was calculated following the approach proposed by Puyravaud (2003) and described in Eq. (1)
where A 1 and A 2 are the landscape cover of a given LULC class at times t 1 and t 2 , respectively. The net change measures the definite change between two periods of time (Pontius et al., 2004) . It was determined by calculating the difference between the Total column and the Total row. The swapping component of landscape change, i.e., the proportion of a given class that changes location, while the total surface area remains the same, was calculated as the difference between the total change, i.e. gain plus loss, and the absolute value of net change. The relevance of swap lies in the fact that a lack of net change does not necessarily mean a lack of change in the landscape.
In order to assess the total disagreement between maps of two different time periods, quantity disagreement and allocation disagreement were also determined. Total disagreement provides a measure of the total differences between two maps. Quantity disagreement measures the amount of difference in the proportions of the classes. Allocation disagreement measures the amount of difference in the spatial allocation of the classes, given the proportions of the classes (Pontius and Millones, 2011) . Such parameters were calculated in terms of number of cells, which represent our units of observation.
Systematic transitions
LULC systematic transitions were identified by examining offdiagonal entries given any level of landscape's degree of persistence and taking into consideration the size of each LULC class. It was assumed that the gain of a given class (difference between the column totals and the unchanged landscape) and its proportion at time 2 was fixed. Likewise, it was assumed that the loss of the same class (difference between row totals and unchanged landscape) and its proportion at time 1 was also fixed. These assumptions, together with the assumption that expected and observed unchanged areas are equal, allowed us to calculate expected values under random processes of gain and loss. The difference between the observed and the expected values provides information on the rate that a given class is to gain -or lose -randomly. This difference is zero if gains -or losses -occurred randomly, and it is not near zero if gains -or losses -are systematic transitions. The magnitude of this difference quantifies the systematic patterns of change and "indicates the size of the fingerprint left on the landscape due to a systematic transition" (Pontius et al., 2004) . To simplify the interpretation of the results, only differences higher than 1% were considered relevant and further discussed. Furthermore, the ratio between this difference and the expected value provides information on the rate that a class gains -or loses -compared to the rate that would be expected if the same class was to gain -or lose -randomly. In this case, the magnitude of the ratio "indicates the strength of the systematic transition". Notice that the factors that promote gains in LULC are most likely different from those that lead to losses and, for this reason, results from the analysis of gains can be different from the analysis of losses. (For further information on systematic transition methodology, please see Pontius et al., 2004.) 
Dominant processes of LULC change
Although systematic transitions identify non-random landscape changes, a specific systematic transition might still not be of special importance. Relevance of a systematic transition between two explicit LULC classes is only acknowledged when, for instance, one or several patches of a class of 2006 consistently gain surface from patches of a class of 2000; while in the same time period, one or several patches of the class of 2000 consistently lose surface to patches of that same class of 2006 (Braimoh, 2006) .
Once these dominant signals of change were identified, they were compared to 10 potential processes of LULC change (Table A. 2) which allowed us to identify the dominant processes of LULC change. Processes of LULC change are broad categories of landscape change and not the actual causes of land modifications, as considered in previous studies (Huang et al., 2012; Manandhar et al., 2010) . The approach followed in this study is more appropriate for the identification of driving forces linked to LULC change.
The potential processes of LULC change were defined based on the reclassification of our 8 classes and mainly taking into consideration their potential effect on runoff. Due to the increase of impervious areas and reduction of evapotranspiration and water infiltration, runoff intensification is of special concern because it may cause changes in water flow and chemistry, increase sedimentation, and cause other impacts on biological communities (EPA, 2005; Zhang et al., 2007) . The effect on runoff and other potential pressures can be deduced from the description of each LULC available on Table A.1. The potential processes of LULC change are urbanization, industrial expansion, afforestation, agricultural shift, other agricultural changes, agriculturalization, deforestation, land restoration, siltation/deposition and dredging/erosion (see Table A .2 for potential processes of LULC change according to the type of transition). Urbanization refers to the expansion of urban settlement at the expense of other LULC types. Industrial expansion refers to the increase of industrial settlement at the expense of other LULC types. Afforestation refers to conversion from any other LULC type to forest cover. Agricultural shift refers to conversions between rainfed class and rice fields class. Other agricultural changes refer to conversions between one of these two classes and heterogeneous. Agriculturalization refers to the expansion of agricultural areas at the expense of non-agricultural LULC types, except forest. Deforestation refers to the expansion of agricultural areas at the expense of forest. The expansion of agricultural areas from artificial surfaces (agriculturalization) and forest (deforestation) was distinguished because the impact on the hydrologic cycle is potentially different. Land restoration refers to the expansion of wetlands or water bodies at the expense of other LULC types. Siltation/deposition refers to the expansion of wetlands at the expense of water bodies and dredging/erosion refers to the loss of wetlands with subsequent increase in water body surface.
Results
LULC characterization
The proportion of total landscape occupied by each class characterizes and quantifies LULC in the Mondego river basin, Mondego lower valley and Mondego estuary region, in 1990, 2000 and 2006 (Table 1 ). All LULC classes show differences in the proportion occupied in each regional scale no matter the year considered. The largest class in all three regions is forest, the surface of which decreases from around 64% in the river basin, to 47% in the lower valley and 36% in the estuary region. The second-largest class -heterogeneous -in turn occupies an area between 23% and 29%, with only slight differences between regions. On the other hand, the proportion occupied by rice fields increases from around 2.5% in the river basin to approximately 9% in the lower valley and 21% in the Mondego estuary. Artificial surfaces, i.e., urban and industrial land, occupy the lowest landscape proportion in all three regions, with exception for the classes characterizing the water environment. These, as expected, occupy larger proportions downstream from the river basin.
Regarding the differences between years, total disagreement is higher in the last six years (2000) (2001) (2002) (2003) (2004) (2005) (2006) than in the first ten years [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] , in all three regions (Fig. 2) . Also, from 1990 until 2000, only quantity disagreement contributes to total disagreement in the river basin and lower valley, whereas the estuary region shows both quantity and allocation disagreement. Overall, total disagreement does not exceed 5% of the total units of observation. This is in accordance with the high levels of persistence and low annual rates of land change observed for all classes, in all periods of time, in all regions (Table 1 ). There are some exceptions, though, which are related to artificial surfaces. These show positive and high annual rates of land change during the sixteen-year period. Changes in industrial land took place mostly during the first ten years, while changes in urban took place mostly during the last six years (Table 1) . Despite the low annual rates of change, rainfed, heterogeneous and forest classes show the highest swap, suggesting that these classes, together with artificial surfaces, are the most dynamic LULC classes (Table 1) .
Systematic transitions
When a LULC class systematically gains surface from, or loses surface to, another class, the difference between the observed and the expected Notes to Table 4 a Urban -urban areas; Industrial -industrial land; Rainfed -rainfed and permanent crops; Rice -Permanently irrigated and rice fields; Heterog. -heterogeneous agricultural areas; Forest -forest. values is different from zero. Results show that the smaller the geographic area under analysis, the higher the number of different systematic transitions found (Tables 2-6 ). Furthermore, in some cases, for the same geographic area, a transition is only systematic for one time period: for only the first ten years or only the last six, or only when considering the sixteen-year time period.
Systematic transitions observed from other classes to urban are consistent with its positive net change, low swap and high annual rates of change (Table 1) . Comparing the observed with the expected transitions based on a random process of loss, heterogeneous, industrial land, rainfed, and forest, they all attracted, at least in the lower valley and estuary regions, a systematic replacement by urban. At the same time, and based on a random process of gain, urban gained surface by systematically replacing heterogeneous (all three regions), rice fields (lower valley and estuary) and industrial land (estuary). Moreover, from 2000 to 2006, the rate of transition from industrial land was over 24 times the rates expected if urban were to gain randomly (Table 5) .
Regarding industrial land and from the perspective of gains, this class systematically replaces forest, but when focusing only on the lower valley and the estuary regions. At the same time, industrial land avoids replacing heterogeneous in the lower valley and rice fields in the estuary regions (Tables 3 and 5) . From the perspective of losses, however, forest tends to be replaced by industrial land in all three regions, by rates from over 13 times the expected ones in the Mondego estuary (Table 6 ) to over 16 times in the river basin, from 1990 to 2006 (Table 2) . Such rates are even higher from 1990 to 2000 reaching values over 27 times the expected if forest were to lose randomly (Table 4) . Heterogeneous also tend to be replaced by industrial land from 1990 to 2000, with rates higher than the expected if heterogeneous were to lose randomly: between 10 times in the Mondego estuary (Table 6 ) and 14 times in the lower valley (Table 4) . As a result, industrial land shows positive and high net change and annual rates of change, except in the estuary region during the 2000-2006 period, when industrial land loses surface due to replacement by urban at rates over 15 times the expected if industrial land were to lose randomly (Table 6) .
With regard to rainfed, this class systematically replaces heterogeneous and avoids replacing forest. Transitions from heterogeneous to rainfed occur at rates from over 1.4 times up to 1.9 times the rates expected if rainfed class were to gain randomly; and rates from over 1.2 times up to 4.8 times the rates expected if heterogeneous were to lose randomly. Systematic transitions to rainfed occur only at the river basin and in the lower valley regions (Tables 2 and 3 ). Despite the systematic transitions to rainfed, this class shows net loss and negative annual rates in all three regions, except for the river basin from 1990 to 2000. This is explained by the systematic transitions to urban, industrial land and also heterogeneous classes (Table 1) .
With respect to heterogeneous, they lose total surface from 1990 to 2006, in all three regions, due to the aforementioned systematic replacements by urban, industrial land and rainfed and also by forest. However, its swapping dynamics indicates that heterogeneous also replace other classes (Table 1) . Results show that when heterogeneous gain, they systematically replace rainfed at rates higher than 3%, in all three regions, while they avoid replacing forest. At the same time, rainfed systematically attracted replacement by heterogeneous, but at lower rates.
Rice fields show low annual rates of change and low swap. This is in accordance with the low number of systematic transitions found, which only shows that, in the lower valley and estuary region, heterogeneous, forest and rainfed avoid replacement by rice fields (Tables 4 and 6) and that, in the estuary region, rice fields avoid replacing heterogeneous (Table 5) . At the same time, in the estuary region, wetlands systematically replace rice fields, at rates over 19 times the expected rates if rice fields were to lose randomly (Table 6 ).
The only class that forest replaces in a systematic manner is heterogeneous. Nonetheless the highest rate found was 1.4 times the expected if forest were to gain randomly, which was found in the estuary region. At the same time, forest avoids replacement by rice fields and also rainfed (Table 5) . Moreover, and as mentioned before, the only classes that systematically replace forest are urban and industrial land. Overall, forest has low annual rates of change, shows net loss from 1990 to 2000 and net gain from 2000 to 2006, but has high swap (Table 1) .
Wetlands, whose proportion is highest in the Mondego estuary region show very low annual rates of change and hardly any swapping changes. However, our study was able to detect that, in the estuary region, when wetlands gain surface it is due to systematic replacement of rice fields and also water bodies.
Dominant processes of LULC change
According to Braimoh (2006) there is a dominant signal of change from class A to class B, if class B systematically loses surface to class A, while at the same time class A systematically gains surface from class B. From this perspective, not all systematic transitions found in this study are actually strong signals of change. For some pairs of classes, this assumption was not fulfilled in any time period or region. In other cases, this assumption was only fulfilled for a specific time period. For all dominant signals of change found, they were always detected when considering the sixteen-year time period, but some were only detected during the first ten years, or during the last six (Fig. 3) .
Regarding the entire river basin, the first ten years witnessed strong signals of change from heterogeneous to urban and to rainfed; whereas during the last six years a strong signal was again found from heterogeneous to urban but also from rainfed to heterogeneous.
Regarding the lower valley, during the first ten years dominant signals of change were found from heterogeneous to urban and also from forest to industrial land; whereas during the last six years signals of strong change were found again from heterogeneous to urban, but also from rainfed to heterogeneous.
Finally, and focusing only on the estuary region, during the first ten years strong signals of change were observed from forest to industrial land and from rice fields and water bodies to wetland; whereas during the last six years dominant signals of change were found from industrial land to urban, from rainfed to heterogeneous and from heterogeneous to forest. A dominant signal of change was also detected from heterogeneous to urban, but only when considering the sixteen-year time period.
The dominant signals of change allow us to determine the dominant processes of LULC change (Table A. 2). Urbanization and other agricultural changes are common to the three nested regions. Yet, if we take into account only the Mondego lower valley and the estuary regions, then industrial expansion also arises as a dominant process of change. But focusing only on the estuary region, apart from the processes mentioned before, afforestation together with land restoration and siltation/deposition also emerge as dominant processes of change.
Discussion
LULC as driving forces and dynamics over the years
Each LULC class, with exception to those related to the water environment, has the potential to exert different types of pressure affecting the state of water bodies -from pollution to alteration of hydrologic regime, to changes in morphology and other types of pressure, such as the introduction of new diseases in local fauna and flora (Aguilera et al., 2012; FAO, 1996; Fiquepron et al., 2013) . Quantifying the proportion of each class and its dynamics over the years allows for a first glance over the type and intensity of driving forces acting in an aquatic system.
The driving forces from LULC, i.e., LULC classes with potential impact on aquatic systems, were quantified for three nested regions of the Mondego river basin, in Central Portugal. Forest, which occupies the largest surface area in all three regions and is associated with good runoff retention and with low diffuse pollution potential (Neary et al., 2009) , loses representativeness in the lower valley and estuary regions. Urban -urban areas; Industrial -industrial land; Rainfed -rainfed and permanent crops; Rice -permanently irrigated and rice fields; Heterog. -heterogeneous agricultural areas; Forest -forest. At the same time, agricultural areas and artificial surfaces, which might critically affect water systems, occupy larger proportions in downstream regions (Table A.1) . This general pattern is observable for all the three years analyzed (1990, 2000 and 2006) . This means that the type of driving forces did not change over the years or across the regions. Despite this, because the total surface occupied by each class and its overall spatial allocation have changed, we expect changes in the type or intensity of pressures acting on the system. During the sixteen-year period forest lost surface in all three regions, whereas artificial surfaces gained area and showed positive high annual rates of landscape change. Urban and industrial land classes are not only a proxy for impervious areas, but are also a proxy for household and for industrial/commercial estates. As a consequence of both forest decrease and artificial surface increase, there is a potential for runoff increase, promoting the intensification of non-point source pollution from urban drainage, commercial forestry and agriculture (Vidal-Dorsch et al., 2012) . At the same time, point-source pollution from wastewater, waste management, industry and contaminated land has also potentially increased. As a result, pesticides, pharmaceuticals (Leston et al., 2011; Santos et al., 2010) , endocrine disruptors (Baptista et al., 2013; Nunes et al., 2011; Ribeiro et al., 2009) , metals (Couto et al., 2013) , organic material, salt, ammonia and other urban contaminants might have increased in the system, though treatment plants can be successful in removing some of them (EPA, 2010) . Such alterations in the type and pattern of LULC driving forces could have implications not only on future management policies, but also on monitoring plans and on the selection of biological indicators. Consider, as an example, the increase in industrial areas and the consequent emergence and/ or intensification of sources of pollution, such as pharmaceuticals used in the food production industry to ensure animal welfare. Though several pharmacological substances are already within the scope of researchers, new monitoring programs and biological indicators are needed to assess the wide variety of substances used in the food production industry. Leston et al. (2011 Leston et al. ( , 2013 , for instance, advocate that Ulva lactuca should be included as an indicator for nitrofuran and chloramphenicol, two illegal antibiotics still in use in Europe.
With respect to agricultural classes, a decrease in the total surface occupied by rainfed and permanent crops indicates a decline on the pressures derived from the application of fertilizers and other agrochemicals, especially during the irrigation seasons. In contrast, an increase in nutrients could be expected due to the increase of surface occupied by rice fields in the Mondego estuary region. In fact, the Mondego estuary has been under environmental stress by eutrophication processes, in part due to nutrient inputs from surrounding rice fields (Marques et al., 2003) . However, mitigation measures implemented in 1998 caused an effective reduction in the N:P atomic ratio leading to a decrease in green macroalgae biomass and an increase in seagrass biomass and cover (Leston et al., 2008; Lillebø et al., 2005) . Nonetheless, to return the system to its original state of seagrass dominance, further mitigation measures need to be taken (Marques et al., 2003) and, concordantly, the current Hydrographic Region Management Plan for the Mondego river basin proposes the reduction of nutrient loads into the estuary as one of the main actions to implement in order to achieve good status in all water bodies (ARH do Centro, 2012).
Though our paper quantifies swap between classes, it does not assess landscape patterns and therefore we are unable to discuss the impacts of different configurations in the Mondego river basin. However, it is widely recognized that LULC configuration poses challenges to aquatic systems (Alberti, 2005; Wiens, 2002) . As an example, Alberti et al. (2007) showed that the configuration of impervious area and forest influences the ecological conditions of streams.
Systematic transitions
Whether or not the LULC changes observed are a result of random or non-random processes of change is of ultimate importance. Such findings help us focus on transitions that have evolved as a result of consistent processes that can be targeted, described and quantified (e.g. population growth, industrial expansion and changes in land management policies).
This study describes the most prevalent systematic transitions of LULC following the methodology proposed by Pontius et al. (2004) , which prevents us from focusing mainly on large transitions, usually between the largest classes. In our case study, this would mean focusing only on transitions between heterogeneous and forest, which, in reality occur at rates not much higher than those that would be expected if the transition were to occur randomly (at maximum, around 1.2 times). On the other hand, identifying the systematic transitions allowed us to realize that the transitions with the highest rates, compared to those expected if the transition had been random, are in fact those involving artificial surfaces, which are also the smallest classes, apart from wetlands and water bodies. This means that despite the low fingerprint left on the landscape by these small classes, transitions to urban and industrial land classes might suggest a transition of pressures acting on the system at a rate higher than expected considering their total area.
Our case study focused on three periods of time -1990-2000, 2000-2006 and 1990-2006 -for which we sought systematic transitions. One of the first evidences was that we did not find the same systematic transitions for all time periods, meaning that temporal resolution affects results and therefore interpretation. On the one hand, if a transition is considered systematic only for the entire sixteen-year period, it could mean that the processes causing that transition operated throughout the entire period and were not strong enough to be detected when analyzing the two separate time periods. On the other hand, if a transition is systematic only for one of the time periods under study, it could mean that the causes linked to that specific transition are probably related to some management policy prevailing during that period of time.
The goal of this study was not to evaluate the causes of systematic transitions. Nonetheless, identifying the time periods and the geographic regions where transitions had a non-random behavior is a first step towards identifying such causes. From a precautionary point of view, identifying such causes is of utmost importance, since they are critical for the definition of social-ecological policies and management scenarios (Marques et al., 2009) .
The methodology followed also compares systematic transitions among three nested regions -the Mondego river basin, Mondego lower valley and Mondego estuary region. This approach allowed us to focus on LULC relevant systematic transitions downstream the river basin, which would have been masked by transitions involving larger and well distributed classes across the basin. Systematic transitions involving rice fields and wetlands are examples of potentially overlooked transitions. Rice fields are an extremely important driver in the Mondego estuary. In fact, management policies implemented to improve the Mondego estuary water quality have long focused on the reduction of nutrient loadings from rice fields (Dolbeth et al., 2007;  Note to Table 6 a Urban -urban areas; Industrial -industrial land; Rainfed -rainfed and permanent crops; Rice -Permanently irrigated and rice fields; Heterog. -heterogeneous agricultural areas; Forest -forest. Lillebø et al., 2005) . Our analysis with nested regions shows that, in the estuary, despite the overall increase of this class, it was, to some extent, replaced by wetland due to a non-random transition. Similarly, water bodies were also replaced by wetlands in the estuary region, both from the perspective of wetland gains and water body losses. What should be noticed with respect to wetlands is that, no matter what the causes of wetland increase, their presence is important in the Mondego Estuary region for two main reasons: 1) they are representative of wetland values in the west coast of Portugal, being important for birds, while supporting a diverse intertidal macroinvertebrate community (Lopes, 2006) ; and 2) they can act as natural wastewater treatment plans reducing the nutrient loadings into the estuarine system (Marques et al., 2003) .
Previous studies showed that LULC detection analysis should consider different spatial scales, since landscape patterns might change with the resolution of maps (Manandhar et al., 2010) . Coarser resolutions tend to show less swap and less inter-class transitions, and yet they can be very useful in finding the distances over which the change occurs (Pontius et al., 2004) . Our study was only implemented for 100 m pixel resolution, though CORINE land cover maps are also provided with 250 m resolution. Even though CORINE land cover only delivers these two raster products, one with higher resolution, consistent with European standards, is also available from the Portuguese Geographic Institute (IGP, 2010) . However, the more detailed levels of this land cover map are not free of cost.
Dominant processes of LULC change as driving forces
Our work assumes that not only the presence of a certain LULC class has an effect on the state of the water bodies, but also that the transition to another use or practice is in itself a source of stress (IMPRESS, 2003) . Urbanization and industrial expansion associated with loss of forest and agricultural areas alter hydrology, water chemistry and habitat, which contribute to the degradation of biological communities. Chu et al. (2013) , for instance, found that the frequency of average-and highflow events increased with urbanization and decreased with vegetation cover. Wang et al. (2012) found that stream benthic macroinvertebrate metrics are significantly correlated with the percent of impervious area.
Though imperviousness is always foreseeable after the expansion of artificial surfaces, a higher magnitude of response of aquatic systems is expected if artificial areas replace forests than if they replace agricultural areas, since higher hydrologic impacts are expected with the loss of forests (Salazar et al., 2013; Trabucco et al., 2008; Zhang et al., 2001) .
Additionally, the magnitude of the impact from an urbanization or industrial expansion process due to loss of agricultural area will depend on the agricultural activities employed previous to transition. Agricultural areas are known to degrade water quality due to impacts such as siltation, turbidity, salinization, erosion, sedimentation and contamination with agrochemicals and toxic leaches, which are a consequence of the agricultural activity employed. For instance, activities with high levels of irrigation promote runoff of salts, fertilizers and pesticides (EPA, 2005) . This means that, after an urbanization process, a previously degraded aquatic system might face greater or new environmental problems which might demand new mitigation measures. Likewise, the magnitude of the impact from a change on the agricultural practice due to a change on the type of crop will depend on the practices employed previously. Agricultural transitions between different types of agricultural areas mean a change in water consumption behavior (ARH do Centro, 2012), erosion rates (O'Geen, 2006) , type of fertilizers or pesticides, or other sources of pollution (Zhao et al., 2013) .
The rates at which a transition occurs should also be at the core of our attention since high transition rates might act in the system as if they were unique and extreme events from which the system will need to recover (Folke, 2006) . Transition rates could be used as proxy for the pace at which new pressures emerge or the intensity of a certain pressure increases/decreases.
In the Mondego case study, urbanization due to loss of heterogeneous areas and industrial expansion due to loss of forest are two of the most relevant driving forces arising from transitions between LULC classes. Class heterogeneous aggregates associations of annual and permanent crops; areas with juxtaposition of annual and permanent crops; agricultural areas interspersed with natural vegetation and also annual crops under forestry species (EEA, 2012) . For its inherent characteristics, heterogeneous classes have uncertain water consumption behavior patterns, and therefore a more detailed analysis would be needed to evaluate the impact of this particular transition. However, impacts typical to any process of urbanization, such as runoff magnification, are still expected. With respect to industrial expansion due to loss of forest, we believe that critical environmental problems might have emerged due to this transition. LULC areas which suffered this transition, changed from an area with good runoff and evapotranspiration characteristics to an impervious area with high potential for contamination.
In addition, the high rates at which the transitions to these artificial classes have occurred suggests that the magnitude of urban and industrial land fingerprints is, and could be in the future, of special concern, specifically with respect to flooding. Our study also revealed other agricultural changes as dominant processes of LULC change, mainly due to transitions between heterogeneous and rainfed. In terms of this study, other agricultural changes mean both a heterogenization of agricultural areas as well as the reverse process. In the case of the Mondego river basin, transition rates were higher from rainfed to heterogeneous, than the reverse. This means that the uncertainty with respect to water consumption and water retention behavior as well as agricultural pollution sources has increased at rates higher than those expected if these transitions were to occur randomly.
Notice that rainfed tends to be replaced by heterogeneous and that heterogeneous tends to be replaced by urban. This could mean that abandonment of rainfed and permanent crops could ultimately promote urbanization. However, to clearly assess this relationship further research must be performed.
Focusing only on the estuary region, afforestation at the expense of heterogeneous areas, siltation/deposition and land restoration also stands as dominant processes of LULC change. If afforestation is to fulfill commercial forestry needs, then we can expect an increase or at least an exchange of pesticides or fertilizers in this region and also an increase in pollution sources from planting/ground preparation. Nevertheless, it will always represent an increase in the evapotranspiration and infiltration levels, and therefore a change in the hydrologic and subsequent impacts. Further research focusing on forests, and, particularly, on the geographical area downstream from the city of Coimbra, distinguishing between commercial and non-commercial forestry should be performed. With respect to the process of land restoration, the fact that it is due to the systematic replacement of rice fields by wetlands indicates that a potential change on the pressures associated with intensive agriculture with high consumption of water and high levels of diffuse pollution might have occurred. Moreover, this specific transition is an indication that the expansion of artificial surfaces has not been sustained by land reclamation. Whether or not wetland restoration is a cause or a consequence of rice field disappearance would also need further exploration. With respect to siltation/deposition results show that an existing salt marsh patch increases very close to where the two arms of the estuary communicate. Although finding causes for transitions is not a subject for this study, in this case it is clear that such an increase is consistent with regularization works on the Mondego estuary, during the 90s, when the margins were grounded (Cunha et al., 1997) .
Conclusion
The main objective of this study was to characterize the driving forces linked both to LULC and LULC change, with potential impacts on the condition of water bodies. Driving forces linked to the sole presence of LULC were obtained by quantifying the proportion occupied by each LULC class in three nested regions in the Mondego river basin, in Central Portugal, which was based on the three available CORINE Land Cover projects -1990, 2000 and 2006. Results showed that agricultural areas and artificial surfaces, which are the driving forces that pose the most challenges to aquatic systems, are also the ones whose representativeness increases in downstream regions. Though this evidence might be useful to quantify the importance of each driving force in each region and in each year analyzed, it does not give information on the drivers linked to the processes of land transition. To obtain this information we identified the most relevant driving forces from dominant processes of LULC change through identification and quantification of systematic transitions. The magnitude of change and consistency of transitions revealed that the most relevant driving forces from LULC changes are not necessarily transitions between large classes. We also considered that these transitions revealed changes regarding the pressures acting in the system that might have been overlooked. Systematic transitions indicate that special attention should be paid to magnification of runoff, due both to loss of forests and increase of impervious areas and also to contamination of water bodies either due to new contaminants emerging from urbanized and industrialized areas, or to changes in agricultural practices.
Our work characterized driving forces assessing differences in quantity, but a thorough analysis should also be performed to analyze changes in the configuration, since LULC patterns also play a key role on the type and intensity of pressures acting in the system. Additionally, future work should focus on the underlying processes that caused the observed dominant changes (Huang et al., 2012) , since this is also crucial information for the development of effective management strategies.
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